Complaints of low frequency noise arose following installation of a CHP system in an existing boiler room. Control was by a multi-stage process, the main phases of which were:
INTRODUCTION
London Power Company plc installed a CHP plant in the existing boiler house of Imperial College of Science Technology and Medicine (ICST&M) with the 51m high engine exhaust stacks in close proximity to the Royal College of Music (RCM). A major engineering challenge of this project was to build a CHP plant in a very restricted space with difficult flue locations. The main sources of energy generation were two Wartsila 18SG28 engines, which are 4-stroke 18 cylinder 'V' type, running on natural gas at a speed of 1000rpm, producing about 9MW of power.
After completion of the installation there were two separate complaints of annoyance by low frequency noise, which were attributed to the new plant.
The two complaints were as follows:
• from occupants of certain rooms within ICST&M of a low frequency sound, established to be around 31.5Hz. • from occupants of certain rooms within the RCM of a low frequency sound, established to be around 25Hz. This paper gives the approach to the solutions of these problems and then the solution of a new, apparent very low frequency sound problem, which became audible after the initial two problems had been resolved. The combined effort of various London Power Company plc personnel, Industrial and Marine Silencers Ltd and the writers of this paper unraveled what had been a difficult combination of low frequency noise problems. Fig 1 illustrates the layout of the CHP plant. The engines run on gas and drive electrical generators. The hot exhaust gases may be sent directly to atmosphere through the stacks or diverted through the boilers when hot water is required. The boilers are also able to operate directly on gas, as an alternative to extracting heat from the engine exhaust.
THE SYSTEM
The first source of sound to be considered was 31.5Hz in the boiler room, which was associated with the air intakes of boilers when burning gas. Based on the results of the sound surveys of the boilers it was observed that there was an audible tonal component, peaking at a third octave frequency of 31.5Hz. The spectra are given in Figs 2 and 3 for boiler 1 and boiler 2 respectively.
The sound pressure levels at 31.5 Hz at 1m from the air intake were: Boiler No.1-118 dB, Boiler No.2-108 dB. The flue intake pipes were of suitable length to resonate at 31.5Hz. The first proposal was to increase the lengths of the air intake ducts to a half wavelength at 31.5Hz, but this was not possible as other plant was in the way.
However, there was the unusual situation of spare capacity in the fan assisted airflow to the boiler and the air flow was reduced using a baffle plate, which resulted in an acceptable sound reduction.
STACKS
The second low frequency sound problem was associated with the exhaust stacks, which were of height 51m and nominal diameter 0.9m. An annoying tonal sound at 25Hz was produced in rooms in the adjacent Royal College of Music. Fig 4 shows the sound pressure level measured at a distance of 10m from the exhaust stack at a point around 25m from ground level, with the exhaust system on by-pass i.e. the exhaust gases are not being used to heat water. The one-third octave sound pressure at 25Hz was nearly 130dB. The situation occurring here was similar to the boiler intake ducts, but on a much larger scale. The gas columns in the stacks were creating high sound levels at 25Hz. due to resonance. There were absorptive attenuators in the stacks but no reactive attenuation was included, as it was believed that there was not sufficient space to include attenuators which would be effective at 25Hz.
At the time of taking these measurements a relatively faint, much lower frequency sound, could be discerned which was similar to 'piston slap' and was initially estimated to have a frequency around 5Hz.
Due to the space restriction, the exhaust ducts changed shape from circular to rectangular section when passing through the plant room wall and then back to circular section. This created large flat panels that could resonate at low frequencies and were susceptible to break-out. The solution was to stiffen the rectangular ducts in-situ by ribs fitted inside the duct.
Reduction at 25Hz was achieved by detuning the stacks by the insertion of a hole in the stacks to change the resonant frequency of the gas columns. This is similar to opening a hole on a wind instrument, but on a larger scale. However, the exhaust stacks ran at two different temperatures, one on by-pass and one when the exhaust gases were directed through the boilers. The two temperatures were nominally 400°C and 200°C. Both conditions gave rise to a peak at 25Hz, although there was a level difference between the two conditions, as the boilers gave some, but insufficient, attenuation.
Therefore both conditions had to be considered when locating the detuning hole, as the wavelength of the exhaust gases will depend on temperature. (See Fig 5) .
The information available included: • 25Hz Measured frequency.
• 150Hz engine firing frequency.
• As these are 'V' type engines there is usually a half firing frequency of 75Hz. • Also the firing rate of each cylinder was 150/18 = 8.33Hz. • Height of stack, approx 50m 25Hz is the third harmonic of 8.33Hz
The resonant frequencies in a closed-open pipe of length h are given by (1) where c is the velocity of sound and n an integer.
Assuming constant temperature along the pipe. Table I gives relations between the quantities for h = 50m.
Inserting a hole, which operated for both temperatures, near the top of the stack could be effective, but in practice there are:
• Uncertainties in the temperature of the gas.
• An end correction for the stacks. Accordingly, the position of the maximum was obtained by measurement. A thin copper tube with a closed end and side holes drilled near the end to act as static pressure tappings ( Fig 6) was introduced into the stack by passing it through the links of a heavy chain and then lowering the chain down the stack. The chain had to be sufficiently long so that the personnel working near the top of the stack were not subjected to the exhaust gases.
The free end of the tube was connected to a water manometer and when the maximum was located the water rose up the manometer quite aggressively.
The static pressure measured was most probably not a true static i.e. there was some measure of velocity pressure included. Nevertheless a location at around 8m from the top of the stack was chosen by experiment and a hole drilled.
On checking the attenuation at 25Hz, a reduction of 29dB was obtained when running on by-pass. This was insufficient attenuation and some form of additional reactive attenuation might be required. However, standard reactive attenuators do not give sufficient attenuation at 25Hz, even if space was available to fit them.
LOW FREQUENCY THROB
Reduction of the 25Hz noise had made it possible to hear a new low frequency noise within the Royal College of Music. The noise was throbbing rapidly, giving the impression of a very high level at a very low frequency. As there were two engines, beating between them was considered, but the throbbing noise was present when only one engine was running.
Sound level meter measurements did not show a rising spectrum into low frequencies (Fig 7) and in order to identify the sound, it was decided to take tape recordings on a DAT recorder for later analysis and inspection on an oscilloscope. Narrow band spectrum analysis showed many harmonics of 8.3Hz, the firing rate of each cylinder, as shown in Fig 8. But any frequency analysis involves averaging, so that temporal characteristics of a noise are lost. . These are the conditions for an amplitude modulated waveform. The problem was therefore shown to be at around 125Hz, rather than at very low frequencies, and consequently much easier to control.
Reactive attenuators of suitable size and performance were supplied by Industrial and Marine Silencers Ltd. Silencer configuration is as in Fig 10. Measurements were repeated after the silencers were fitted. Table II 
Figure 9
Waveform near top of stack when referred to octave bands, were close to the manufacturer's specification for the silencer.
The noise was not audible within the main complaint locations of the Royal College of Music and the problem considered as solved.
CONCLUSIONS
Standard sound level meter measurements of low frequency noise may be misleading, because such measurements are always an average and suppress the character of the noise. It may be necessary to inspect the waveform.
A complex installation may have multiple low frequency problems, which become apparent as successive reductions take place.
Low frequencies are enhanced by resonances, both in the system itself and in rooms in adjacent buildings.
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Figure 10
Reactive exhaust silencer fitted close to each engine 
